Introduction
36 Bovine tuberculosis (bTB), caused by Mycobacterium bovis, is an important zoonotic disease 37 that impacts international trade. Many countries spend significant resources eradicating, 38 controlling or conducting surveillance for bTB in livestock and wildlife species. In the United 39 States, the primary method to detect new bTB cases is abattoir surveillance where suspicious 40 granulomas identified during inspection are submitted to the United States Department of 41 Agriculture's (USDA) National Veterinary Services Laboratories (NVSL) in Ames, IA for 42 examination. (Naugle et al. 2014) Historically, submitted granulomas were tested with 43 histopathology and a subset of approximately 40% were also parallel tested using mycobacterial 44 culture (Fig. 1) . Mycobacterial culture was used to obtain isolates for genotyping and improve 45 sensitivity by identifying cases not found on histopathology. Unfortunately, bTB cases identified 46 by culture but not detected by histopathology would be found weeks after the carcass was 47 sampled making tracing the animal back to the herd of origin significantly more expensive and 48 challenging. Eisenach et al. 1990 ) 54 After 15 years of use in laboratories, two published meta-analyses reviewed in-house PCR 55 methods analyzing sputum samples for human TB diagnosis, and these meta-analyses highlight 56 variability in methods and in sensitivity and specificity for a relatively homogeneous 57 specimen. (Flores et al. 2005 ; Greco et al. 2009 ) Variation from laboratory to laboratory 81 The objectives of this paper were to describe the development and validation of an optimized 82 extraction method, various probe-primer combinations and the manufacturing of controls used to 83 monitor the performance of the assay. Finally, we report on the overall performance of the assay 84 in the first year of national program use. 85 
Materials and Methods
86 Development of primer-probe sets 87 To develop primer-probe sets, IS1081 and IS6110 transposase sequences representing 88 
Mycobacterium africanum, M. bovis, Mycobacterium canetti, and Mycobacterium tuberculosis
89 species were obtained from NCBI database and aligned using Geneious v. 6.0.3 (Biomatters, 90 Auckland, New Zealand) to identify conserved regions. To identify the most optimal primer-91 probe combinations, regions were selected throughout the transposases (Fig S1) . The design 92 feature available in Geneious was used to construct primers and probe, adjusting the Tm range to 93 64-68°C (66°C optimum) for the primers and 70-74°C (72°C optimum) for the probe. The best 3 94 combinations were selected for each insertion element, based on no dimer formation, no self-95 complementarity, and to hold amplicon size below 150bp. This study also included a previously 96 published primer-probe set, extRD9, which targets a single copy region of the MTBC (Halse et 97 al. 2011).
98 To develop primer-probe sets specific for M. bovis, differences between other Mycobacterium 99 tuberculosis complex (MTBC) and M. bovis genomes were analysed using WebACT, the web-100 based version of Artemis Comparison Tool (www.webact.org). Large rearrangements were 101 identified and several real-time PCR primer-probe sets were designed following parameters 102 described above using MacVector (MacVector, Inc., Cary, North Carolina, USA) based on the 126 IS1081 and IS6110. Results were analysed by calculating % efficiency from the slope of the 127 standard curve for each primer-probe set.
128 Tissue extraction
129
The extraction process was separated into 2 parts, DNA isolation and then DNA purification. M.
130
bovis culture-positive, granulomatous tissue was obtained from 5 animals, dissected into 27, 131 300 mg portions, and stored at -20 o C. Using a generalized randomized complete block design, 3 132 isolation methods and 3 purification methods were evaluated using 3 aliquots from each of the 5 133 animals. DNA purifications for a given DNA isolation method were performed on the same day,
134
and analyzed on the same PCR plate. (Note: the fourth DNA isolation method was adopted after 135 some inhibition issues were identified.).
136 DNA isolation methods: 2) Phenol/chloroform (PC): tissues were added to vials containing equal volumes TE and 142 phenol/chloroform (approximately 400 l each), bead-disrupted and centrifuged as above. 3) Method C: a traditional nucleic acid precipitation (400 l of aqueous liquid was 160 combined with 1/10 th volume 3M sodium acetate and 2 times volume ice-cold ethanol). 161 To evaluate the performance of the initial three DNA isolation and the three purification 162 methods, a linear model was fit using data from 4 of the 5 animals. One animal was eliminated 163 from the analysis because not all methods produced a C value. Methods were compared to each 164 other using mean differences in C values and 95% confidence intervals were calculated. A 165 result was considered statistically significant if the 95% CI did not span zero. DNA isolation 166 method 4 (TE/PC), developed later, was not included in these analyses. 167 Extraction and PCR controls 168 To monitor the extraction and PCR efficiency, 2.5 l of a commercially available control 169 was added to each disruption tube (E. coli hosting a plasmid containing a unique sequence, 170 DNA Extraction Control 670 (DEC670), Bioline, London, United Kingdom). One microliter 171 of DEC670 primer-probe mix (to achieve a Cvalue of 32-34) as added to the PCR mix and the 172 amount of water was adjusted to maintain a 20 l reaction volume. To establish an inhibition 173 cutoff value, standard deviations were calculated for 15 PCR runs and the acceptable range 174 for DEC670 was set at 3 standard deviations from the mean. 175 In addition to the commercially available control, three tissue controls were developed; a 176 negative control, and two tissue positive controls containing either H37Ra or BCG. The 268 Results and discussion 269 Development of primer-probe sets, analytical sensitivity and specificity 270 The ten primer-probe sets ranged from 82-103% efficiency during the initial evaluation ( 277 DNA would not be expected to be found in diagnostic specimens at those levels, so the cross-278 reactivity was not likely to be clinically relevant.
279 Because laboratory contamination with amplicons or even DNA is a well-known reoccurring 280 problem in clinical laboratories, it was prudent to identify and maintain multiple primer-probe 281 sets. (Mandal et al. 2012 ) Primer-probe sets targeting the multi-copy insertion sequences 282 consistently generated lower Cvalues than those targeting single copy locus (Table S2) . While 283 no cross reactions occurred using the extRD9 primer-probe set, the analytical sensitivity 285 Therefore, these were selected for the initial screening of borate submitted samples. Positive 286 results were followed with a M. bovis specific probe-primer set if M. bovis was suspected or with 287 extRD9 if another MTBC organism was expected. Consequently, the primer-probe sets 1081-3, 288 6110-2, extRD9, L2, L3, and lpqT were evaluated against tissue extracts reported below (Fig.   289 2B) .
291 Tissue extraction
292 DNA isolation method 1 (NaOH) clearly underperformed when combined with purification 293 method A, failing to consistently identify 4 of the 5 culture positive animals ( Fig. 2A, Table S3 ). 294 Sample 07315 failed to produce C values for all three subsamples in a majority of the testing, 295 and was excluded from comparative analysis of the methods. No significant differences were 296 identified between method 2 (phenol-chloroform), or method 3 (TE) (Table S4 A, B) . DNA 297 purification method B was the only method to produce statistically significant lower mean C 298 values (Table S4 C, D) . Demonstrating statistical significance with small sample sizes is 299 difficult, however, these small studies can provide rapid guidance when testing diverse methods. 300 Other criteria also influence choices of methodology, for example DNA isolation method 3 301 required a 30 minute incubation step not required in method 2. All samples purified by method 302 C, ethanol precipitation, showed negative test results. This may be due to high quantities of DNA 303 purified, which likely overwhelmed the PCR reactions. The spin filter (method B) and magnetic 304 beads (method A) inherently normalize DNA amounts in the final eluent. Because method C 305 would probably require an additional DNA quantification step to normalize the amount of DNA 306 added to the PCR reaction, this method was not investigated further. Because < 24 hour 307 turnaround time was desired, the more rapid, DNA isolation method 2 was initially chosen and 308 combined with purification method B.
309 Sensitivity 310 During the first week of slaughter surveillance side by side testing, all 5 PCR runs contained 311 inhibited samples (no C value detected for both the DEC670 and MTBC primer-probe sets) 312 with an overall rate of 22%, a problem not seen during development. A decision was made to 2D, File S4) . While the PCR detected 336 all the mycobacteriosis compatible cases identified by histopathology (that were not caused by 337 atypical mycobacteria) during this time period, there were slightly more false positive samples 338 than expected. Nearly all of the samples with false positive signals were retested the next day 339 while they were prepared for culture and in all but 2 cases, the false positive signals were not 340 repeated. Despite this problem, the PCR did identify 2 cases that were initially missed by the 341 histopathology, and corrected upon review of the slides. Of importance, one of those cases had 342 an initial diagnosis of coccidiomycosis which, under the old system, would not have been 343 cultured. These results reinforced the importance of performing two independent tests during 344 routine diagnostic testing. 345 Because the PCR influenced how histopathology and culture were conducted, a true sensitivity 346 and specificity cannot be calculated from this sample set; however, estimations should be 347 calculated to evaluate post validation performance. The proportion of probable negative samples 348 that tested PCR negative was 0.992 (95% CI: 0.990, 0.994) and the proportion of probable 349 positive samples that tested PCR positive was 1.00 (95% CI: 0.91, 1.00).
350 All three controls used were designed to have C values between 32 -35, a value that is about as 351 high as possible and yet still consistently test positive during a normal run. The BCG control was 352 developed to consistently be 2-3 C values lower than the H37Ra control because it needed to be 353 reliably positive when testing samples with the less sensitive M. bovis specific primer probe sets.
354 Since most PCR runs had greater than 5 negative and H37Ra controls, within plate and day to 355 day precision can be monitored over time. Comparison of direct real-time PCR to histology and / or culture.
A) Eighty archived tissues previously tested with histology and culture were compared to PCR using the M. tuberculosis complex 1081-3 primer-probe set and B) the M. bovis L3 primer-probe set of which 5 were inhibited and removed. C) Routine slaughter-surveillance samples compared with the traditional workflow of histology and culture to the IS1081-3 PCR (side by side testing), primarily to evaluate specificity. D) Routine slaughter surveillance, post validation, comparing IS1081-3 PCR to histology (followed with culture when indicated).
E)
Lesioned tissue from cattle in known bTB affected herds that compared histology and /or culture to the 1081-3 primer-probe set and F) the L3 primer-probe set ( 5 samples not tested). 
Figure 1(on next page)
Diagnostic testing work flow before and after the implementation of direct PCR for bTB slaughter surveillance
Prior to the implementation of direct PCR, parallel testing by mycobacterial culture was only able to be conduted on approximately 40% of submitted samples and bTB cases misclassified by histology were detected weeks after the lesion was submitted. After direct PCR implementation, 100 % of cases were tested in parallel with histology and PCR prior to release of histology results and only test positive or discrepant cases were subsequently tested by mycobacterial culture.
Figure 2(on next page)
Comparison of DNA extraction, purification methods and primer-probe sets A) Comparison of purification methods based on DNA isolation technique. Five samples were subsampled three times and extracted by phenol/chloroform, TE, or NaOH; aqueous extracts were further purified by either Method A or Method B; eluants were analyzed by PCR using the 1081-3 primer-probe set. B) Evaluation of the performance of selected primer-probe sets based on DNA isolation method 3 and purification method B (negative results not displayed). 
